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Assessing whether trait variations among individuals are consistent over time and 
among environmental conditions is crucial to understand evolutionary responses to 
new selective pressures such as climate change. According to the universal thermal 
dependence hypothesis, thermal sensitivity of metabolic rate should not vary 
strongly and consistently among organisms, implying limited evolutionary response 
for metabolic traits under climate change. However, this hypothesis has been rarely 
tested at an individual level, leaving a gap in our understanding of climate change 
impacts on metabolic responses and their potential evolution. Using the amphipod 
Gammarus fossarum, we investigated the variability and repeatability of individual 
metabolic thermal reaction norms over time. We found large variations in both 
the thermal sensitivity (i.e. slope) and expression level (i.e. intercept) of individual 
metabolic reaction norms. Moreover, di"erences among individuals were consistent 
over time, and therefore repeatable. Inter-individual variations in body mass resulted 
in a high repeatability of metabolic expression level but had no signi#cant e"ect on the 
repeatability of thermal sensitivity. Overall, our results highlight that inter-individual 
variability and repeatability of thermal reaction norms can be substantial. We conclude 
that these consistent di"erences among individuals should not be overlooked when 
apprehending the ecological and evolutionary e"ects of climate change.
Keywords: body mass, ectotherms, metabolic theory of ecology, phenotypic plasticity, 
reaction norms, repeatability, universal thermal dependence hypothesis
Introduction
Metabolic rate is a key physiological trait that correlates with #tness (Pettersen et al. 
2016) and has a strong in%uence on energy %uxes within and across ecosystems 
(Brown et al. 2004). Variation in metabolic rate has thus important implications for 
both evolution and ecology. !e metabolic theory of ecology (MTE, Brown et al. 2004) 
provides a powerful and popular mechanistic framework to investigate 1) the e"ects 
of body mass and temperature on individual-level metabolic rate and 2) how these 
e"ects scale up to higher levels of biological organisation, i.e. population, community 
and ecosystems (Allen et al. 2005). According to the MTE, the thermal dependence 
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of metabolism follows the Arrhenius law, predicting an expo-
nential increase of chemical reaction rate with temperature. 
Interestingly, the MTE predicts that the sensitivity of meta-
bolic rate to temperature (i.e. the activation energy of the 
Arrhenius thermal reaction norm, which indicates how fast 
metabolic rate increases with temperature) should vary little 
across taxa around an average value of 0.65 eV (Gillooly et al. 
2001). !is prediction is based on the assumption that cell 
kinetics driving organisms’ functions react with temperature 
following a unique canonical value for all living organisms. 
!e MTE thus assumes a low and inconsistent variability of
activation energy across time and space implying that indi-
viduals within and among species respond to temperature
with the same sensitivity. !is universal thermal dependence
(UTD) hypothesis and its assumptions have thus major
implications for our understanding of ecological and evolu-
tionary consequences of climate change. Without variations
among individuals, evolution would not occur as natural
selection primarily acts at the level of individual di"erences
(Labocha et al. 2004). If variations are signi#cant but incon-
sistent through time, then there would be very little poten-
tial for evolutionary response to climate change because the
consistency of among-individual variability and the degree to
which natural selection drives trait evolution are intricately
related (Brodie and Russell 1999). For evolutionary response
to occur, among individual trait variation has to be signi#-
cant and consistent through time (i.e. repeatable) and across
generations (i.e. heritable) (Dohm 2002). In other words,
natural selection can still occur if the trait heritability is null
but this would not lead to evolution. An alternative hypoth-
esis to the UTD has been proposed by Clarke (2004) who
argues that the temperature e"ect on the metabolic rate is not
a universal process but rather the result of an evolutionary
tradeo" between the energetic expenditures associated to an
environmental temperature and the physiological function-
ing inherent to each individual. According to this alternative
hypothesis, activation energy is expected to vary substantially
and consistently among individuals to allow natural selec-
tion and evolutionary adaptation to local thermal conditions
(Murren et al. 2014). !erefore, as an alternative to the UTD
hypothesis, we hypothesise that the large intraspeci#c vari-
ability of activation energy of metabolic rate is repeatable
among individuals. Assessing whether activation energy of
metabolic rate varies among individuals and environmental
conditions is thus crucial to test these two alternative hypoth-
eses and assess the potentiality for evolutionary responses to
new selective pressures such as climate change.
Previous studies reported that metabolic reaction norms to 
temperature can vary among individuals (Careau et al. 2014) 
or populations and also depend on other environmental fac-
tors such as food availability and latitude (Giebelhausen and 
Lampert 2001, Lovegrove 2005, Petit and Vézina 2014), 
as well as covary with behaviour and life-history traits 
(Moe  et  al. 2009, Mathot  et  al. 2018). Altogether, these 
studies already improved our understanding of the factors 
driving variations in the thermal reaction norm of metabolic 
rate. Moreover, there is a growing number of studies inves-
tigating whether inter-individual di"erences in thermal 
reaction norm of metabolic rate are maintained over time 
or across environments (i.e. if they are repeatable sensus 
Killen  et  al. 2016). Previous intraspeci#c studies reported 
among-individual variations in standard metabolic rate and 
found these variations repeatable over di"erent time scales 
and environmental conditions (Marais and Chown 2003, 
Nespolo  et al. 2003, Terblanche  et al. 2004, Lardies  et al. 
2008, Norin and Malte 2011). Repeatability estimates var-
ied mostly between 0.60 and 0.80 for the standard metabolic 
rate of laboratory and wild populations (Nespolo and Franco 
2007). In addition, recent studies found that the thermal 
sensitivity of reaction norm of individual metabolic rate was 
repeatable (Careau et al. 2014, Auer et al. 2018). However, 
most previous studies only used a limited number of experi-
mental temperatures and focused on the repeatability of the 
metabolic expression level (i.e. intercept) and mostly ignored 
the repeatability of among-individual di"erences in the 
slope of thermal reaction norms (Marais and Chown 2003, 
Nespolo  et al. 2003, Terblanche  et al. 2004, Lardies  et al. 
2008, Norin and Malte 2011). In addition, these previous 
studies did not use the MTE framework to analyse meta-
bolic rate. Instead, they assumed linear relationship between 
temperature and respiration rate and thus potentially over-
estimated repeatability because of the exponential thermal 
dependence of metabolic rate, which increases the among-
individual variance at high temperature. Finally, as these 
previous studies on the repeatability of metabolic rate at dif-
ferent temperatures did not use the MTE framework, they 
also did not test the assumption of the UTD hypothesis 
regarding the variability and consistency of the activation 
energy of metabolic rate.
We tested the abovementioned UTD hypothesis by mea-
suring the metabolic rate of Gammarus fossarum in respirom-
etry vials at six temperatures for each individual twice. !e 
thermal reaction norms of metabolic rate of each individual 
and for each trial was assessed using the MTE model to esti-
mate the slope of the reaction norm (i.e. the activation energy 
in eV) and its intercept (i.e. the metabolic expression level). 
!e repeated design allowed us to both estimate the among-
individual variability of activation energy and to test if this
variability was repeatable across time. Following the UTD,
we expected the inter-individual variation in activation
energy (i.e. the slope of the reaction norm of the logarithm
of metabolic rate to temperature expressed in an inverse scale;
i.e. an Arrhenius plot) to be insigni#cant and not consistent
across time (i.e. no signi#cant repeatability). Furthermore, 
we expected inter-individual variation of the thermal reac-
tion norm intercept, as well as its repeatability, to be mainly 
explained by individuals’ body mass, since the MTE predicts 
body mass in%uences the intercept of metabolic thermal reac-
tion norm, but not its slope (Brown et al. 2004). By testing 
the UTD and MTE predictions, our study helps to better 
understand the variability and repeatability of metabolic 
thermal reaction norms at the intraspeci#c level, which has 
important implications for the ecological and evolutionary 
consequences of climate change.
Material and methods
Biological model and experimental design
!e biological model used, the amphipod Gammarus fossa-
rum, is a widespread crustacean species in European streams.
A large pool of individuals was collected from submerged leaf
litter sampled from a pristine #rst-order woodland stream
in the Montagne Noire, south-western France. !ey were
kept in a 50-l tank #lled with stream water with constant
oxygen supply in a cool (10°C) dark place in the laboratory
for two weeks. We then measured the routine metabolic rate
(RMR) of 60 individuals selected to cover a broad spectrum
of body mass (1.15–7.50 mg), each exposed sequentially to
six temperatures (5, 8, 11, 14, 17 and 20°C) in increasing
order. !e limits of this thermal range coincided with the
minimal and maximal temperatures experienced by the focal
population in winter and summer, respectively (Pöckl 1992).
Metabolic rate measurement
Routine metabolic rate (RMR) was measured using a %uo-
rescence-based multichannel respirometer consisting of three 
24-well multi-dishes, with each well coupled with a photo-
chemical sensor. Gammarids were kept in water at ~5°C the
night preceding the respiration measurements. At the onset
of the #rst measurement, they were randomly added in wells
#lled with 3 ml of oxygen-saturated water and kept in the
dark for ~30 min before sealing the wells with a hermetic lid.
Four wells on each multi-dish were left without animals and
used as blanks. After ~2 additional min in the dark without
any manipulation for animals to explore the experimental
device and be less stressed, we recorded respiration rate. At the
end of the measurement, temperature was then progressively
increased over a duration of ca 30 min including the stabilisa-
tion (± 0.5°C) near the target value before the beginning of 
a new measurement. During this 30 min period, gammarids 
were not manipulated and kept in the dark to minimise stress 
associated to experimental manipulation. Our methods were 
designed to 1) avoid excessive manipulation of organisms and 
thus to limit measurement biases linked to stress responses 
and 2) mimic a progressive increase of temperature, as organ-
isms could experience in nature, for instance during nyc-
themeral temperature variations in small streams. Dissolved 
oxygen concentrations were then recorded every 15 s over 
35–50 min. Time series were truncated at both ends in order 
to keep the most linear portion of the oxygen depletion 
curves. RMR was calculated as the slope of oxygen depletion 
(in mol O2 day−1) over a ca 20 min timeframe. Values were 
converted into carbon release rate (in mg C day−1) assuming 
a respiratory coe&cient of 0.78 (as estimated for Gammarus 
pulex, Wright and Wright 1979). All individuals followed the 
same experimental protocol twice, one week apart. After the 
second respiration trial, they were frozen at −15°C, freeze-
dried for 24 h and weighed to the nearest 0.001 mg. !e #nal 
dataset included 54 individuals as we removed individuals for 
which data were missing due to death (n = 3), or discarded 
due to abnormally low respiration rates (n = 1) or incoher-
ent (i.e. negative) response to increasing temperature (n = 2). 
25 observations out of the 648 individual data points from 
the 108 thermal reaction norms were not included in the 
analyses as they were conceivably measurement errors.
Statistical analyses
Following the MTE, we expressed per capita (I) or mass-
corrected (IMb) RMR as a function of water temperature 
(T in Kelvin) using the Arrhenius equation:
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where b is the mass-scaling exponent, α is the metabolic 
expression level at the reference temperature (T0), Ea the 
activation energy (eV), M the body mass (mg) and kB the 
Boltzmann’s constant (8.62 × 10−5 eV K−1). As reference 
temperature T0, we used the median of the experimental tem-
perature range (i.e. 12.5°C). α and Ea were estimated using 
linear mixed-e"ects models with random slope and inter-
cept #tted to log-transformed metabolic rates. Standardised 
inverse temperature (1/kBT − 1/kBT0) and individual were 
included as #xed and random factors, respectively. As indi-
vidual metabolic response to increasing temperature was 
assessed twice, the model was #tted to the dataset from 
each experimental trial separately. Paired t-test was used to 
compare results from the two models for trial 1 and 2.
We estimated the mass-scaling exponent (b) using a linear 
mixed-e"ect model with standardized inverse temperature 
and the logarithm of body mass as #xed factors and individual 
as random factor. We then used slope and back-transformed 
intercept estimates from the per capita (I) and mass-corrected 
(IMb) models for each trial to estimate the repeatability of 
activation energy (i.e. slope) and metabolic expression level 
at the reference temperature (i.e. intercept) over time. For 
each variable (i.e. slope or intercept), we calculated the 
intraclass correlation coe&cient (ICC) following Nakagawa 
and Schielzeth (2010):
ICC =
+
V
V V
1
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where V1 is the inter-individual variance and V2 is the residual 
intra-individual variance, obtained from the random e"ect 
components of the linear mixed e"ect models (Nakagawa 
and Schielzeth 2010). To assess the signi#cance of estimated 
ICCs, we used likelihood ratio tests to compare a linear 
mixed-e"ect model including a random e"ect for individuals 
to a generalised least square model without random e"ect; 
both #tted using the maximum likelihood (ML) estimation 
method (Bates  et  al. 2015). ICC values are indicators of 
repeatability level, and are bounded between zero to one. We 
considered ICC values between 0.1 and 0.2 as low repeat-
ability, between 0.2 and 0.4 as moderate repeatability, and 
between 0.4 and 1 as high repeatability. In addition, boot-
strapped 95% con#dence intervals were computed for each 
ICC value based on 1000 bootstrap iterations, to determine 
if ICCs values were signi#cantly di"erent from zero (i.e. when 
95% con#dence intervals do not overlap with zero) (Gardner 
and Altman 1986).
Statistical analyses were computed using the R ver. 3.3.3 
(< www.r-project.org >). Linear mixed e"ect models and 
ICC 95% con#dence intervals were respectively computed 
using the lmer and bootMer functions from the ‘lme4’ 
package (Bates et al. 2015). Likelihood ratio tests were com-
puted using the anova function from the ‘nlme’ package 
(Pinheiro et al. 2018) and graphics were obtained using the 
ggplot2 package (Wickham 2016).
Data deposition
Data are available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.6897qf2 > (Réveillon et al. 2019).
Results
As predicted by the MTE, we found that the Arrhenius 
equation describes well the temperature dependence of 
metabolic rate in Gammarus fossarum (Fig. 1a). Moreover, 
we estimated a mass-scaling exponent (b) of 0.86 used 
for the mass-correction of metabolic rate, and the aver-
age activation energy was 0.40 eV, which is lower than the 
Figure 1. Inter-individual variability of thermal reaction norms for metabolic rate. (a) Arrhenius plot of linearised reaction norms of meta-
bolic rate (log-transformed) to temperature (i.e. inverse temperature normalised to the reference temperature of 12.5°C). Each line corre-
sponds to the reaction norm for an individual at a given trial (lines were obtained from linear mixed-e"ect models, see main text for details). 
(b–c) Histogram and kernel density curves of (b) intercept α (i.e. metabolic expression level I at 12.5°C, in mg C day−1); and (c) slope Ea 
distributions (i.e. sensitivity of metabolic rate to temperature, in eV) estimated from linear mixed e"ect-models. !e black line in (c) shows 
the activation energy value predicted by the universal thermal dependence (UTD) hypothesis (Ea = 0.65 eV). Red and blue graphic items 
(dots, bars and lines) (a–c) show individual observations and model estimates from the #rst and second trials, respectively.
0.65 eV predicted by the MTE. Nevertheless, we found 
substantial inter-individual variations in the thermal sen-
sitivity (i.e. slope) and metabolic expression level at the 
reference temperature (i.e. intercept). Predicted routine 
metabolic rate (RMR) at 12.5°C ranged from 0.09 to 
0.72 mg C day−1 and did not di"er signi#cantly between the 
two trials (mean = 0.31 and 0.32 mg C day−1 for trial 1 and 2, 
t53 = −0.04, p = 0.97; Fig. 1b). Activation energies (i.e. 
slopes) for the RMR ranged from 0.06 to 0.64 eV (Fig. 1b). 
!ey were slightly higher in the #rst trial than the second
one (mean = 0.41 and 0.38 eV, t53 = 2.54, p = 0.014), but
their ranges broadly overlapped (trial 1: 0.14–0.64 eV; trial
2: 0.06–0.60 eV; Fig. 1c).
When we investigated the repeatability of the intercept 
and slope of the thermal reaction norm, we found that both 
metabolic expression level and thermal sensitivity variation 
were consistent between the two trials, with ICC estimates 
for intercepts and slopes always signi#cantly greater than 
zero, both for per capita and mass-corrected RMR (Fig. 2, 
Table 1). In other words, variations among individuals were 
not randomly distributed but were consistent across time.
We found the highest ICC value (i.e. 0.83 [0.73–0.90] 
95% CI) for the intercept of per capita RMR, indicat-
ing that individuals consistently di"er in their metabolic 
expression level at the reference temperature. Interestingly, 
after correcting for body mass, the ICC value of the inter-
cept dropped to 0.27 [0.02–0.50] (95% CI) indicating 
that the high ICC value of the intercept of the per capita 
RMR (i.e. 0.83) was, in its majority, explained by inter-
individual variations in body mass. In contrast, accounting 
for body mass did not signi#cantly in%uence the ICC value 
of the activation energy, although the ICC value for mass-
corrected RMR tended to be lower than for per capita RMR 
(0.29 [0.04–0.53] 95% CI and 0.38 [0.13–0.59] 95% CI, 
respectively; Table 1). In other words, inter-individual 
variation in body mass did not signi#cantly contribute 
to the relatively high ICC value of the activation energies 
(Fig. 2, Table 1).
Figure 2. Inter-individual repeatability of (a) metabolic expression level α (intercepts, corresponding to the routine metabolic rate I at 
12.5°C), and (b) metabolic thermal sensitivity Ea (in eV) between the #rst (x-axis) and the second (y-axis) trials. (c–d) Inter-individual 
repeatability of mass-corrected (IM−0.86) (c) metabolic expression levels α, and (d) metabolic thermal sensitivity Ea between the #rst (x-axis) 
and the second (y-axis) trials. Inter-individual variance of mass-corrected intercepts decreased compared to when body mass was not 
accounted for (panels c versus a). Inter-individual variance of metabolic thermal sensitivity was not substantially a"ected when correcting 
resting metabolic rate by body mass (d and b). Proportional lines (1:1 dashed lines) theoretically depict perfect repeatability.
Discussion
!e thermal dependence of metabolic rate is of particular
interest in the context of global warming as metabolic rate
represents the ‘pace-of-life’ of ectotherm organisms and is
thus of importance for behaviour and #tness (Killen  et  al.
2013, Pettersen et al. 2016, Mathot et al. 2018) as well as for
ecological and evolutionary responses of populations to cli-
mate change. !e universal thermal dependence hypothesis
(Gillooly et al. 2001) proposes that the thermal dependence
of metabolic rate varies little among and within species and,
if variation within species occurs, it is not consistent over
time. If the UTD hypothesis is veri#ed at the intraspeci#c
level, then we might expect a limited potential for popula-
tions to adapt to climate change as evolution requires con-
sistent variations among individuals. In contrast to the UTD
hypothesis, we found that activation energy (i.e. slope) and
metabolic expression level (i.e. intercept) of thermal reaction
norms are highly variable among Gammarus fossarum indi-
viduals and these inter-individual di"erences were consistent
over time. We also found a lower average activation energy
than the universal value, suggesting substantial di"erences in
metabolic rate–temperature relationship estimations between
intraspeci#c and interspeci#c studies. Clarke (2004) argues
that such deviations from the UTD hypothesis could result
from an evolutionary tradeo" between thermal energy expen-
ditures and physiological functioning. According to this
hypothesis, individuals constantly optimise their energetics
by adjusting metabolic demands in response to a temperature
increase, leading to a lower activation energy than predicted
by the UTD hypothesis. Our study thus questions the valid-
ity of the universal activation energy value at the intraspeci#c
level and highlights that individual thermal sensitivity and
metabolic expression level are repeatable traits of individu-
als, suggesting a greater potential for adaptation to climate
change than previously thought under the framework of the
metabolic theory of ecology.
Multiple factors could explain the repeatability of the 
thermal reaction norm for metabolic rate. Genetic deter-
minants coupled with the thermal conditions experienced 
during early development (i.e. developmental plasticity) 
can generate variation among individuals (Arnqvist  et  al. 
2010, Latimer  et  al. 2011). Moreover, these determinants 
are likely to involve changes in biological traits of individu-
als such as body mass, which is generally responsible for a 
large amount of the variation in cellular metabolic activities 
(Boratynski et al. 2017). Here, we found that the repeatabil-
ity of the metabolic expression level (i.e. the intercept) was 
approximately three times lower when metabolic rate was 
corrected for body mass. In contrast, the repeatability of the 
thermal sensitivity (i.e. the slope) was not signi#cantly di"er-
ent with or without body mass correction. In other words, 
body mass variations among individuals largely contributed 
to the repeatability of the metabolic expression level but not 
to the repeatability of the thermal sensitivity. !is #nding is 
in agreement with the MTE model where the thermal sensi-
tivity (i.e. the activation energy) is independent of body mass 
whereas the metabolic expression level at a given temperature 
depends on body mass with a ¾ scaling exponent. As individ-
uals were measured twice – and their body mass did not likely 
signi#cantly vary in-between measurements –, accounting for 
body mass decreased variations in metabolic expression levels 
associated with among individual di"erence in body mass, 
resulting in lower repeatability estimates. While the mecha-
nisms explaining why individuals consistently di"er in their 
thermal sensitivity, and its integration with other phenotypic 
traits remain to be investigated in more details, our results 
indicate that contrary to the UTD hypothesis, individuals of 
a given population can systematically di"er in their sensitiv-
ity to temperature changes.
Our results of consistent di"erences in the thermal sensi-
tivity of individuals suggest the presence of di"erent ‘thermal 
types’ (Artacho et al. 2013, Goulet et al. 2016, Mell et al. 
2016), with ‘fast’ ones being more sensitive to rising tem-
perature than ‘slow’ ones. Because high metabolic rate is 
often associated with high #tness costs (Baudron et al. 2014, 
Mo"ett  et  al. 2018), we may hypothesise that with global 
warming, ‘fast type’ individuals will be counter-selected as 
their metabolic rate increases faster with temperature than 
in ‘slow type’ ones. Moreover, body mass variation among 
individuals may play an important role in the evolution-
ary response to warming as larger individuals have higher 
metabolic expression level (i.e. intercept) than smaller ones 
(Boratynski  et  al. 2017). We may thus predict a positive 
selection for small individuals having a lower expression level 
and ‘slow type’ individuals being less sensitive to warming. 
!is hypothesis could explain the overall body size reduc-
tion observed within ectotherm populations from various
ecosystems (Daufresne  et  al. 2009, Gardner  et  al. 2011,
Forster et al. 2012). Such a selection would drive populations
to have even higher energy requirements than predicted by
the MTE as the per unit of mass energy requirement decreases
Table 1. Intraclass correlation coefficient (ICC) mean values and 95% confidence intervals (95% CI) for routine metabolic rate at 12.5°C 
(α) and activation energy (Ea) estimated from per capita (I) or mass-corrected (IM−0.86) routine metabolic rate. ICC significance was estimated
by a likelihood-ratio test (χ2 and related p).
Metabolic rate
ICCα χ2 ICCEa χ2
(95% CI) p (95% CI) p
Per capita (I) 0.83 64.24 0.38 7.83
(0.73–0.90) <0.0001 (0.13–0.59) 0.0051
Mass-corrected (IM−0.86) 0.27 4.17 0.29 4.45
(0.02–0.50) 0.0413 (0.04–0.53) 0.0350
with body mass (Mo"ett et al. 2018). However, adaptive pro-
cesses associated with selection on metabolic thermal traits 
could be expected to balance this energetic disequilibrium. 
Individuals would reduce their metabolic thermal sensitivity 
to mitigate the increase in energy expenditure with warming, 
leading to lower activation energy values than the predicted 
0.65 eV. Consistent with this hypothesis, Mo"ett et al. (2018) 
reported that populations from warmer habitats have a lower 
thermal sensitivity than populations from cooler habitats.
Our study is a #rst step toward a better integration of intra-
speci#c variation within the MTE framework, and calls for 
further studies to improve our understanding of the repeat-
ability of thermal reaction norm of metabolic rate. First, 
recent studies suggest that body mass and temperature e"ects 
on metabolic rate may not be independent and reported 
changes in the mass-scaling exponent value (b) with tempera-
ture (Glazier 2010, 2018, Killen et al. 2010, Ohlberger et al. 
2012). Such changes can modulate the relative importance 
of body mass in driving metabolic response along tempera-
ture gradients which may have consequences for the strength 
of intraspeci#c competition among di"erent-sized individu-
als under climate change (Ohlberger et al. 2011). !erefore, 
the relevance of the interaction between the body mass and 
temperature on metabolic rate and the extent to which it 
may in%uence the repeatability of individual metabolic rate 
should be explored. Second, previous studies reported that 
thermal acclimation can modulate the acute e"ects of tem-
perature on metabolic rate (Xie et al. 2017). In the present 
study, our #rst objective was to the test the UTD hypothesis, 
which does not take into account potential e"ects of acclima-
tion. As a result, we did not acclimate animals to the experi-
mental temperature before measurement. Further studies are 
thus needed to investigate how acclimation can modulate 
the repeatability of thermal reaction norms. !ird, while the 
UTD hypothesis is based on basal and standard metabolic 
rate, we measured routine metabolic rate (i.e. animals were 
free to move within the experimental arena), which poten-
tially integrates behavioural components such as locomotion 
activity. Inter-individual di"erences in activation energy may 
thus be partially explained by di"erent behavioural thermal 
types (Sih  et  al. 2004) forming, with metabolic thermal 
types, an overall thermal syndrome (Goulet et al. 2016). It 
would thus be interesting to compare repeatability estimates 
for standard and routine metabolic rates to determine the rel-
ative contribution of behavioural responses to the variation 
and repeatability of activation energy and metabolic expres-
sion level. Finally, it would also be important to compare 
the repeatability and heritability of thermal reaction norm 
as repeatability does not necessarily imply heritability. It is 
the latter that mostly count for evolution (Dohm 2002) as 
natural selection cannot lead to evolution if trait heritability 
is non-signi#cant.
We conclude that, contrary to the UTD hypothesis, con-
sistent inter-individual di"erences in the thermal sensitivity 
of metabolic rate can occur, which has implications for our 
understanding of ecological and evolutionary responses of 
organisms and ecosystems to climate change. Our study thus 
highlights the importance of considering inter-individual 
di"erences in thermal reaction norms when aiming to 
understand the e"ects of global warming on natural popu-
lations. Future studies should now address the biologi-
cal features that explain variations among individuals, the 
repeatability of these di"erences and the relevance of thermal 
sensitivity of metabolic rate to evolution and ecology of wild 
populations.
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